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Autoignition of Methyl Pentanoate at Low to Intermediate Temperatures
and Elevated Pressures in a Rapid Compression Machine

Abstract
by
Justin Anthony Bunnell

Autoignition experiments were performed in a rapid compression machine for methyl
pentanoate. Autoignition conditions ranged from 682 K to 1048 K for pressures of 15 bar and 30
bar and equivalence ratios of 0.25, 0.50, and 1.0. The composition of the oxidizer was altered by
changing the amount of argon and molecular nitrogen in the mixtures. Over the conditions
studied, it was found that the reactivity of the mixture increases with increasing compressed
pressure and equivalence ratio. Negative temperature coefficient behavior was observed for
compressed temperatures ranging from 716 K to 799 K under a compressed pressure of 30 bar
and an equivalence ratio of 1.0.
Experimental data was compared to ignition delay data for methyl butanoate and methyl
propanoate. For all available data, methyl pentanoate was the most reactive fuel followed by
methyl butanoate and methyl propanoate. Experimental data was extrapolated and indicated that
methyl butanoate and methyl pentanoate might have the same reactivity at 1030 K and 975 K for
compressed pressures of 30 bar and equivalence ratios of φ = 0.25 and φ = 0.50, respectively.
Experimental data for methyl pentanoate was further simulated using a literature chemical
kinetic mechanism. Overall there was poor agreement between experimental data and
simulations for negative temperature coefficient behavior and ignition delays. Only simulations
for compressed temperatures below 700 K seem to agree well with experimental data.

CHAPTER 1

Introduction

In response to national mandates to reduce our nation’s CO2 emissions 80% by 2050 and
petroleum usage 25% by 2020, the use of renewable fuels has become a plausible replacement or
supplement to petroleum based fuels. Non-renewable fossil fuels account for 95% of energy used
by the transportation sector which totaled over 25 quadrillion BTUs of fossil fuel derived energy
during 2014 [1]. Increasing the use of renewable fuels will reduce our dependence on foreign oil,
reduce greenhouse gas emissions, develop sustainable energy sources, and strengthen national
security.
1.1

Biodiesel Fuel
Biodiesel fuel is a renewable fuel that can be mixed with petroleum diesel or used

directly in a diesel engine with minimal modifications. It is composed of fatty-acid methyl esters,
produced from a chemical reaction between triglycerides, which are commonly found in
vegetable oils and animal fats, and an alcohol in the presence of a catalyst such as lye [2]. In the
United States, biodiesel is mostly made from soybean oil while some European countries and
Brazil manufacture the majority of their biodiesel from rapeseed oil [3]. Although the production
of biodiesel fuel can compete with use of these crops as food sources, the use of algae is being
considered as a source due to its potential yield which is 100x the yield of soybean per acre [2].
Biodiesel can be used as a standalone fuel or blended with petroleum diesel. These blends
are noted by the percentage biodiesel by liquid volume within the blend (e.g., B20 contains 20%
biodiesel). Commonly a B20 blend can be used in any diesel engine without modification. Minor
modifications can allow a diesel engine to burn B100, making biodiesel fuel a relatively easy
fuel to integrate into existing diesel engines [4].
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Although biodiesel fuel can serve as an additive or substitute for petroleum diesel, there
are several noticeable differences. Biodiesel fuel has excellent lubrication properties which
prevents wear in modern diesel fuel injectors [2]. Across most sources, biodiesel fuel had higher
cetane values than petroleum diesel and produced less carbon monoxide, particulate matter, and
hydrocarbon emissions [5]. It is also safer to handle due to a reduction in toxicity and fast
biodegradation [6]. However, biodiesel fuel has a 10% lower mass density and 5-7% lower
volumetric density than petroleum diesel and has been known to increase NOx emissions by
approximately 10% [2, 5]. It also has poorer cold flow properties which can plug fuel lines and
fuel filters at cold temperatures requiring the use of fuel additives or fuel system heaters for cold
weather operation [7].
1.2

Components of Biodiesel Fuel
Fatty acid methyl esters are made of a straight chain of carbon atoms attached to a methyl

ester functional group. The notation (CXX:Y) is used in this thesis where XX represents the
number of carbon atoms in the straight chain and Y represents the number of C=C double bonds
within the straight chain. Due to the methyl ester functional group, the value of XX is one less
than the total number of carbon atoms in the methyl ester. Unlike petroleum fuel which can
contain hundreds of components, biodiesel fuel derived from vegetable oils and animal fats are
dominated by five fatty acid methyl esters: methyl palmitate (C16:0), methyl stearate (C18:0),
methyl oleate (C18:1), methyl linoleate (C18:2), and methyl linolenate (C18:3) . The amount of
these methyl esters within biodiesel fuel is dependent on the source. Biodiesel derived from soy
is primarily composed of methyl linoleate while biodiesel derived from rapeseed and yellow
grease is primarily composed of methyl oleate [2]. In addition, the percentage of overall
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unsaturation can vary between biodiesel sources. Soybean oil is composed of 88% unsaturated
fats while beef tallow contains only 46% unsaturated fats [8].
1.3

Biodiesel Combustion
In order to use biodiesel fuel and biodiesel blends in engine applications, the underlying

chemistry of the components needs to be well known. Understanding the reaction pathways and
reactivity of components is essential for pollution reduction efforts and increasing the
efficiencies of new internal combustion engines. Commonly, the combustion of fuels is modeled
using chemical kinetic mechanisms. Due to the large molecular size of the methyl esters within
biodiesel fuel, creating and using detailed chemical kinetic mechanisms is challenging [9]. A
common solution is to create and study a fuel surrogate to emulate the physical and chemical
properties of the fuel of interest. A fuel surrogate should consist of fewer components than the
original fuel. In addition, the components should be easier to study and model. Accurate
chemical kinetic models of surrogates can then be used to develop the chemistry in detailed
mechanisms for the original fuel.
Methyl butanoate (C4:0) was the first methyl ester extensively studied as a possible
biodiesel surrogate. Fisher et al. [10] proposed methyl butanoate as an effective surrogate for
biodiesel and hypothesized it was large enough for fast RO 2 isomerization reactions, an essential
process found in the low temperature chemistry of biodiesel fuels. Farooq et al. [11] studied the
high temperature decomposition of methyl butanoate behind reflected shock waves and used a
tunable diode laser to detect CO2 production during pyrolysis. Sarathy et al. [12] studied the
effect of unsaturation on intermediate species during combustion. Methyl butanoate and methyl
crotonate (C4:1) were studied in opposed flow diffusion flames and a jet stirred reactor. Results
indicated that methyl crotonate produced higher levels of species that promote soot formation
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such as acetylene and benzene when compared to methyl butanoate. Gaïl et al. [13] found similar
results when looking for intermediate species of methyl butanoate and methyl crotonate
combustion in a counterflow flame burner and jet stirred reactor. Methyl crotonate was observed
to produce significantly more propyne, allene, 1,3-butadiene, and benzene than methyl butanoate
in the counterflow flame configuration. Metcalfe et al. [14] studied the autoignition of methyl
butanoate and ethyl propanoate under reflected shocks. The fuels were tested under pressures of
1-4 atm, equivalence ratios of 0.25-1.5, and temperatures from 1100 to 1670 K. Walton et al.
[15] studied the autoignition of methyl butanoate and ethyl propanoate in a rapid compression
facility. The fuels were tested under equivalence ratios of 0.3 to 0.4, pressures of 4.7 to 19.6 atm,
and temperatures from 935 to 1109 K. Results matched well with the high temperature
autoignition data from Metcalfe et al. [14]. Dooley et al. [16] carried out ignition delay
measurements for methyl butanoate in a rapid compression machine and a shock tube. The fuel
was autoignited in the shock tube apparatus over equivalence ratios from 0.25 to 1.5,
temperatures from 1250 K to 1760 K, and pressures of 1 and 4 atm. Autoignition measurements
were carried out for equivalence ratios of 0.33, 0.5, and 1.0, pressures of 10, 20, and 40 atm, and
temperatures ranging from 640 to 949 K in the rapid compression machine. Methyl butanoate
was found to have an Arrhenius-like temperature dependence across all the conditions studied.
Gaïl et al. [17] studied methyl butanoate oxidation in a jet stirred reactor and a variable pressure
flow reactor. No Negative Temperature Coefficient (NTC) behavior was noticed except in the
variable pressure flow reactor under an equivalence ratio of 0.35, a pressure of 1.266 MPa, and
temperatures ranging from 600-800 K. The slight NTC behavior was characterized by very
minor formaldehyde production at those conditions. Larger methyl esters found in biodiesel
exhibit clear NTC behavior, a requirement for a suitable biodiesel surrogate [18].
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Larger methyl esters such as methyl hexanoate (C6:0) and methyl heptanoate (C7:0) have
also been studied as possible biodiesel surrogates. Dayma et al. [19, 20] found NTC behavior of
methyl hexanoate and heptanoate between 660 and 760 K using a jet stirred reactor under 10 atm
and equivalence ratios of 0.5, 1.0, and 1.5. Zhang and Boehman [21] used a motored engine to
identify key intermediates in the oxidation of methyl heptanoate and ethyl hexanoate prior to
cool flame behavior. Zhang et al. [22] studied the intermediates in the oxidation and low
temperature reactivity of methyl hexanoate and methyl-3-hexenoate (C6:1) in a jet stirred reactor
under 10 atm and equivalence ratios of 0.6, 1.0 and 2.0. The C=C double bond was shown to
inhibit isomerization reactions of peroxy radicals and therefore reduce low temperature
reactivity. HadjAli et al. [23] used a rapid compression machine to study the autoignition of
methyl butanoate, methyl pentanoate (C5:0), methyl hexanoate, methyl heptanoate, and methyl
octanoate (C8:0). Fuels were autoignited in stoichiometric mixtures under pressures ranging
from 4 to 20 bar and temperatures from 650 to 850 K. Methyl pentanoate, methyl hexanoate, and
methyl heptanoate all exhibited clear two-stage ignition. However, the NTC region was only
mapped out for methyl hexanoate, which exhibited negative temperature dependence from 650 to
800 K and two-stage ignition behavior between 625 and 780 K.
Although methyl pentanoate exhibited two-stage ignition in the study done by HadjAli et
al. [23], little additional research has been done on its oxidation. Korobeinichev et al. [24]
studied methyl pentanoate and methyl hexanoate in premixed laminar flames and extended a
detailed high temperature chemical kinetic mechanism to include the two fuels. Dmitriev et al.
[25] added methyl pentanoate to n-heptane/toluene fuel blends to determine the resulting
intermediate species in premixed flames using a flat burner at 1 atm and an equivalence ratio of
1.75. The addition of methyl pentanoate helped reduce soot forming intermediates including
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benzene, cyclopentadienyl, acetylene, propargyl, and vinylacetylene. Hayes and Burgess [26]
computationally examined the peroxy radical isomerization reactions for methyl butanoate and
pentanoate to better understand the low temperature reaction pathways of the fuels. Diévart et al.
[27] used diffusion flames in the counterflow configuration to determine extinction limits for
methyl formate (C1:0), methyl ethanoate (C2:0), methyl propanoate (C3:0), methyl butanoate,
methyl pentanoate, methyl hexanoate, methyl octanoate and methyl decanoate (C10:0). A
detailed mechanism and several reduced mechanisms were created based on the experimental
data obtained.
1.4

Goals of this Thesis
The goal of this thesis is to provide additional data for the autoignition of methyl

pentanoate. Data is collected in a rapid compression machine under engine relevant conditions
spanning from 15 to 30 bar, equivalence ratios from 0.25 to 1.0, and temperatures from 682 to
1048 K. Experimental data is compared to simulation results from the detailed chemical kinetic
mechanism of Diévart et al. [27] to evaluate the scientific community’s current understanding of
methyl pentanoate autoignition. The NTC region of methyl pentanoate is mapped out to provide
additional information on the fidelity of using methyl pentanoate as a biodiesel surrogate.
1.5

Organization of Thesis
The remainder of this thesis details the equipment, procedures, modeling, and results of

the study. Chapter 2 describes the rapid compression machine employed in this study and the
associated procedures used to collect autoignition data. Chapter 3 includes information on the
models used for data processing. Chapter 4 contains the results for experimental data and
reactive simulations. Chapter 5 summarizes the findings of the study and outlines future work
that would benefit the scientific community.
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CHAPTER 2

Experimental Methods

Rapid Compression Machine
The Rapid Compression Machine (RCM) is a tool used to study and develop the chemical
kinetic models for various fuels at engine relevant conditions. The RCM operates by
compressing a pre-made gaseous/pre-vaporized fuel and oxidizer mixture to conditions at which
the mixture autoignites. The compression is achieved through use of a pneumatically driven
piston. After compression, the piston is held in place to create a constant volume reactor. The
pressure in the chamber is monitored and the time from end of compression to ignition, also
known as ignition delay, is measured. Post compression pressures of 15 to 75 bar can be
achieved along with post compression temperatures ranging from 600 to 1100K. This versatility
makes the RCM an ideal platform to study autoignition kinetics and the low temperature
chemistry of fuels. Experimental data from RCM’s such as ignition delays and intermediate
species profiles over a wide range of pressures, temperatures, and fuel/oxidizer ratios, can be
used to validate chemical kinetic models for accurate description of controlling reaction
pathways and prediction of harmful pollutant emissions.
2.1

Main Components
The main components of the RCM are the reaction chamber, hydraulic chamber,

pneumatic chamber, and supply tank for the pneumatic chamber (Figure 1). A rod connects the
piston in the reaction chamber to a piston in the hydraulic chamber and a piston in the pneumatic
chamber. The reaction chamber contains the test mixture while the pneumatic chamber provides
the force to move the piston and rod assembly and compress the mixture. The hydraulic chamber
serves to retain the piston in the reaction chamber at bottom dead center (BDC) until it is ready
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to fire and serves to dampen the assembly as the reaction chamber piston reaches top dead center
(TDC).

Figure 1: RCM Main Components

2.1.1 Reaction Chamber
The reaction chamber consists of several components (Figure 2). The reaction chamber
wall is the largest component in the figure (Item 1). It is the housing for the system and is
directly bolted to the hydraulic chamber of the RCM. Item 2 is the reaction chamber piston
which compresses the fuel/oxidizer mixture. The reaction chamber is plugged by using the front
end cap (Item 3). The front end cap is retained by the reaction cylinder head flange (Item 4),
which bolts to the reaction chamber housing. The core region is an illustration of where the
mixture is located when the piston reaches TDC. Figure 3 displays a cross section of the reaction
chamber. Shims and spacers are used to alter the geometric compression ratio within the reaction
9

chamber. Shims are used to shim out the reaction chamber from the hydraulic chamber and
increase the clearance volume. Spacers are located on the opposite side of the hydraulic chamber
and are used to increase the stroke length of the piston. The geometric compression ratio is
defined in the following relation:
Equation 1
In Equation 1, the initial clearance length is the clearance length at TDC with no shims or
spacers on the machine. This length is dependent on the type of end plug used. The end plug
labeled “Old End Plug” provides a clearance length of 0.630” and the end plug labeled “New
End Plug” provides a clearance length of 0.457”.

Figure 2: Reaction Chamber Components
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Figure 3: Section View of the Reaction Chamber
The piston and the rod it is mounted to are the only moving parts in the reaction chamber.
During compression the mixture inside the reaction chamber reaches a higher temperature than
the wall temperature of the reaction chamber, causing a thermal boundary layer to form. As the
piston moves down the bore this boundary layer can swirl into the core of the mixture gases,
causing the mixture to be non-homogenous [28–32]. To reduce this effect a crevice is cut into the
piston to entrap the boundary layer gases during compression. Figure 4 displays the piston used
in this study and the crevice machined into the exterior of the piston.

11

Figure 4: Reaction Chamber Piston
Several sensors are used to gather data on the RCM. A pressure transducer is used to
determine the ignition delay of the mixture [33]. A thermocouple is used to measure the
temperature of the reaction chamber housing when the reaction chamber and mixture are preheated. Several ports for optical windows can be used for time resolved temperature and species
concentration measurements using mid-infrared spectroscopy. However, this technique was not
used for the work in this thesis.
2.2

Supporting Equipment

2.2.1 Pressure Measurement
The pressure inside the reaction chamber from the start of compression to ignition is
recorded with a Kistler Type 6125C engine pressure sensor. The sensor outputs a charge signal
that is routed to a Kistler Type 5010 Dual Mode Amplifier. The charge amplifier outputs a
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voltage signal to a NI cDAQ-9178 data acquisition unit which records the voltage signal over
time in conjunction with LabVIEW at 50,000 samples per second.
2.2.2 Mixing Tanks
The rapid compression machine has two mixing tanks which can both be used to make
two independent mixtures. Figure 5 displays the two mixing tanks used on the rapid compression
machine. The mixing tanks are labeled “Right Tank” and “Left Tank” based on their positions
relative to each other while standing in front of the Manifold Control Board mentioned in section
2.2.3. These mixtures are completely vaporized and are filled into the reaction chamber prior to a
run. Typically, a reactive mixture is made in one tank and a corresponding non-reactive mixture
is made in the other tank. A non-reactive mixture is made by replacing the molecular oxygen in
the mixture with molecular nitrogen. The reactive mixture serves to provide the ignition delay of
the data point and the pressure trace of the compression stroke while the non-reactive mixture
provides the pressure trace after the end of compression if no reactions were to take place. In this
study the reactants and diluents used include liquid fuel from Sigma-Aldrich (methyl pentanoate
99%) and gases from Airgas (O2 99.994%, Ar 99.999%, N2 99.999%).
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Figure 5: Mixing Tanks
The “Right Tank” and its manifold have a volume of 16.59 liters and the “Left Tank” and
its manifold have a volume of 15.16 liters. Both tanks have several heaters for pre-heating the
mixtures to the proper temperature. A Thermo Fisher Scientific hot plate is located under each
mixing tank to heat the bottom of the tank and to drive a magnetic stirrer bar within the mixing
tanks. The stirrer bar is used to reduce concentration gradients of the constituents within the tank.
Both tanks have a septum for injecting liquid fuel into the tank. Gaseous fuel and oxidizer and
diluent gases are routed through the manifold. As a safety precaution, a 1” LaMOT Rupture Disc
from Continental Disc Corporation is installed on each mixing tank to relieve the pressure in the
tank if it exceeds 70 psig.
2.2.3 Manifold Control Board
The manifold control board connects the mixing tanks, vacuum line, mixture gas supply,
and the reaction chamber. Bonnet valves are used to isolate or connect these components. Figure
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6 details the valves of the manifold control board. Circles represent bonnet valves while
rectangles represent directional valves.

Figure 6: Schematic of the Manifold Control Board
2.3

Operation

2.3.1 Preparation
Prior to making a mixture, the mixing tanks must be vacuumed. Only the mixing tanks
and the manifold should be vacuumed prior to making a mixture. All instructions below refer to
Figure 6.
1. Close the rising plug valve on the reaction chamber (not seen in Figure 6).
2. Close valves 2, 4, 8, 9, and 10.
3. Open valves 3, 5, 6, and 7.
4. Switch on the vacuum pump and select “Vacuum” with valve 1.
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5. Slowly open valve 2 to approximately ¼ from fully closed to limit the flow rate out of the
tanks. This limits the chance of the stirrer bar in the mixing tank from being moved out of
alignment.
6. After the pressure gauge called the “5200 Torr Gauge” in Figure 6 reads approximately
200 torr, fully open valve 2.
7. Wait approximately 40 minutes for the mixing tanks to vacuum. The final pressure
should read between 3.5 and 4 torr when the system reaches steady state. If the pressure
in the manifold does not reach below 4 torr within one hour, check the mixing tank and
manifold for leaks.

2.3.2 Making a Mixture
The following procedure outlines how to make a reactive mixture in the “Right Tank” of
the RCM and a corresponding non-reactive mixture in the “Left Tank”. The procedure is also
tailored for a mixture with a fuel in liquid form at room temperature and pressure and a diluent of
argon. Refer to Figure 6 for steps 2-16.
1. Record the initial temperature of the “Right Tank”.
2. Close valves 5 and 7 and inject the proper amount of liquid fuel into the “Right Tank”
through the septum. The vapor pressure of the liquid fuel at room temperature should be
calculated from empirical formulas or experimental tests. In this study, several tests of
vapor pressure were conducted by injecting large amounts of liquid fuel in the evacuated
mixing tanks and recording the vapor pressure at room temperature. For a given mixture,
if the fuel is not completely vaporized at room temperature, the partial pressure of the
fuel in the mixing tank is the vapor pressure of the fuel at room temperature. Otherwise,
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all the fuel in the mixture does vaporize at room temperature and the resulting partial
pressure of the fuel in the mixing tank can be calculated from the ideal gas law.
3. Hook up the gas supply line to the ultra-high purity oxygen tank.
4. Open valve 4 fully for 15 seconds to purge the supply line from the oxygen tank.
5. Close valve 4 to vacuum out the manifold. The pressure in the manifold should reach a
minimum value within several seconds.
6. Close valve 2 and pressurize the manifold with oxygen using valve 4. Pressurize the
manifold to a pressure higher than the pressure of the fuel in the mixing tank to prevent
fuel from leaving the mixing tank (only fuel in the mixing tank at this point).
7. Open valve 7 and immediately open valve 4 to fill the tank with oxygen. Fill the tank
until the target pressure is reached for the fuel and oxygen at room temperature and close
valve 4 and 7. The tank temperature will increase several degrees Celsius while filling
with supply gas. After filling to the target pressure, the temperature of the tank will begin
to return to room temperature and as a result the pressure in the tank will decrease. To
ensure the mixture composition is accurate and the partial pressures of the constituents
are correct, the tank should reach the target pressure while it is at a temperature within ±
1.5°C of the original temperature.
8. After tank temperature stabilizes to within 1.5°C of the original temperature, open valve
7 and then immediately open valve 4 until the target pressure is reached. Opening the
valves in this order ensures gases do not leave the mixing tank.
9. Switch the gas supply line to the ultra-high purity argon tank and open valve 2.
10. Open valve 4 fully for 15 seconds to purge the supply line from the argon tank.

17

11. Close valve 4 to vacuum out the manifold. The pressure in the manifold should reach a
minimum value within several seconds.
12. Close valve 2 and pressurize the manifold with argon using valve 4. Pressurize the
manifold to a pressure higher than the pressure of the fuel and oxygen at room
temperature to prevent mixture from leaving the mixing tank.
13. Open valve 7 and immediately open valve 4 to fill the tank with argon. Fill the tank until
the target pressure is reached for the mixture at room temperature and close valve 4 and
7.
14. After tank temperature stabilizes to within 1.5°C of the original temperature, open valve
7 and then immediately open valve 4 until the target pressure is reached.
15. Open valve 2 to vacuum out the manifold.
16. Repeat the above procedure (steps 1 and steps 3-15) for making the non-reactive mixture
in the left mixing tank. To accomplish this substitute the ultra-high purity oxygen tank
with ultra-high purity nitrogen and valve 7 with valve 5.
17. Lower the Thermo Fisher Scientific hot plates and check that the stirrers within the
mixing tanks are centered using a magnet. Replace the hot plates to their original
positions after verification.
18. Begin preheating the mixing tanks, manifold, and reaction chamber to the desired
temperature and open the rising plug valve on the reaction chamber (not seen in Figure
6). Let the system sit for at least 90 minutes to stabilize to the desired temperature.
2.3.3 Performing Experiments
The following procedure outlines how to perform one trial on the RCM. Refer to Figure 7
for steps 2-7 and Figure 6 for steps 8 and 9.
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1. Fill the supply tank in Figure 1 to the desired driving pressure; 110 psig was used in this
study.
2. Close valves 11-13 on the pneumatic chamber.
3. Open valve 14 on the pneumatic chamber to retract the piston in the reaction chamber.
4. Pressurize the hydraulic chamber with hydraulic fluid once the piston is fully retracted.
5. Close valve 14 and open valve 12 on the pneumatic chamber.
6. Open valves 11 and 13 on the pneumatic chamber.
7. Briefly open valve 15 to flush the hydraulic fluid out of the hydraulic lines.
8. Close valve 2 on the manifold control board and open valve 7 or 5 to fill the reaction
chamber with the appropriate mixture. Close valves 5 and 7 after the manifold and
reaction chamber are filled to the correct pressure.
9. Once the reaction chamber is filled to the desired pressure, close the rising plug valve on
the reaction chamber and open valve 2.
10. Fire the RCM and then open the rising plug valve on the reaction chamber to vacuum the
contents.
11. Wait at least 7 minutes before repeating this procedure to allow the reaction chamber to
vacuum and its temperature to stabilize.
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Figure 7: Pneumatic Chamber Valves

2.3.4 Post Experiment Procedures
After all data is collected, the system needs to be vacuumed and brought to room
temperature prior to using it again. Refer to Figure 6 for steps 1-7. The following procedure
outlines the post experiment procedures:
1. Set valve 1 to vacuum.
2. Open valves 2, 3, 6, and the valve on the reaction chamber.
3. Open valves 5 and 7 slowly, keeping the static pressure of the 5200 Torr Gauge below
600 torr.
4. Once the mixing tanks reach a low enough pressure, valves 5 and 7 will be able to be
completely opened without exceeding 600 torr on the pressure gauge.
5. Let the system vacuum until the steady state pressure of the system is below
approximately 5 Torr on the 5200 Torr Gauge.
6. Close valve 2 and set valve 1 to atmosphere.
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8. Slowly open valve 2 to approximately ¼ from fully closed to limit the flow rate out of the
tanks. This limits the chance of the stirrer bar in the mixing tank from being moved out of
alignment.
7. Turn off all electrical equipment on the RCM including gauges, heaters, and the pressure
transducer.
8. Ensure the system reaches room temperature before preparing another mixture so it can
be made accurately.
2.4

Experimental Conditions
Experiments are carried out under a wide variety of engine relevant conditions. Prior

work on methyl pentanoate has been carried out in counterflow diffusion flames [27], premixed
flames in a flat burner [24, 25], and a rapid compression machine [23]. Flame experiments are
effective for providing high temperature chemistry information such as reactivity and
intermediate species concentrations. Rapid compression machines are better suited for high
pressure and low to intermediate temperature autoignition, similar to the conditions of advanced
internal combustion engines. To date, RCM data for methyl pentanoate only extends to
stoichiometric methyl pentanoate mixtures with compressed pressures (PC) ranging from 10 to
18 bar and a relatively constant temperature at the end of compression (EOC) of 815 K [23]. The
work in this thesis extends the autoignition data of methyl pentanoate to pressures of 15 and 30
bar, lean and stoichiometric equivalence ratios, and temperatures ranging from 682 K to 1048 K.
Table 1 details the conditions studied in this work.
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Mole Fraction
Methyl Pentanoate
0.0065
0.0130
0.0256
0.0065
0.0130
0.0256

O2
0.2087
0.2074
0.2048
0.2087
0.2074
0.2048

N2
0.0000
0.0000
0.0000
0.0000
0.0000
0.3848

Ar
0.7848
0.7796
0.7696
0.7848
0.7796
0.3848

Equivalence
Ratio

Pressure
(bar)

φ
0.25
0.50
1.00
0.25
0.50
1.00

PC
15
15
15
30
30
30

Table 1: Experimental Conditions Considered in this Study
2.5

Definition of Ignition Delay
The ignition delay is determined by the pressure trace history recorded by the Kistler

Type 6125C engine pressure sensor. An example pressure trace is displayed in Figure 8, which
shows a case of two-stage ignition. The pressure and temperature of the reaction chamber just
prior to compression are labeled as P0 and T0, respectively. The total ignition delay, noted as τ, is
the time from the end of compression to the time of ignition. The first-stage ignition delay, noted
as τ1, is the time from the end of compression to the time of heat release created from 1 st stage
ignition.
The time of the EOC is defined as when the time derivative of the pressure trace near the
end of compression equals zero. The time of ignition is defined as the global maximum of the
time derivative of the pressure trace. The time of 1st stage ignition is defined as the local
maximum of the time derivative of the pressure trace between the EOC and hot ignition, if such a
maximum occurs. Not all trials exhibit two-stage ignition. For trials that exhibit single stage
ignition, only the time of ignition and time of the EOC are calculated.
Not all studies follow the definition of end of compression detailed above. Kukkadapu et
al. [34] defines the end of compression as the time corresponding to the maximum of the
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pressure trace during the compression stroke. Weber et al. [35] defines the end of compression as
the time that the maximum pressure is measured prior to first-stage ignition. If no first-stage
ignition is present, then the end of compression is defined as the time that the maximum pressure
occurs prior to overall ignition.
P = 30 bar,  = 1.0, O : N : Ar = 1 : 1.88 : 1.88
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Figure 8: Definition of Ignition Delay
2.6

Experimental Repeatability
As shown in Figure 9, five consecutive trials are taken on the rapid compression machine

for each data point. The mean and the standard deviation of the ignition delays of the trials are
calculated and recorded to ensure consistency. The trial with the closest ignition delay to the
mean is selected as the representative run for the data point. For every data set taken, the
standard deviation of the ignition delay is less than 10% of the mean value.
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Figure 9: Repeatability of Data Collected
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CHAPTER 3

Simulations and Determining TC

Conventional methods for measuring temperature such as thermocouples do not work for
measuring the temperature of reactant gases during compression. Typically, the compression
stroke lasts approximately 30ms and the time from the EOC to ignition is less than 100ms. A
thermocouple would not be able to be used to record the temperature of the reactants due to the
large time constant of the sensor. In addition, a boundary layer will form on the thermocouple
that affects the core region. For these reasons the temperature at the end of compression is
calculated from the pressure trace of the representative trial.
If the compression of the reactant gases was an isentropic process, the temperature at the
end of compression could be calculated using the following relations:

(

where

)

∫

( )

∫

Equation 2

,

Equation 3

is the geometric compression ratio, T0 is the initial temperature, P0 is the initial

pressure, T1 is the temperature after isentropic compression, P1 is the pressure after isentropic
compression, and

is the specific heat ratio of the mixture. The reactant gases are assumed to

behave as ideal gases and the specific heat ratio is assumed to be a function of temperature only.
However, the compression process is not truly isentropic. Heat loss does occur during the
compression stroke and during the induction time prior to ignition. To account for this, the
“adiabatic core hypothesis” is used. The reaction chamber is considered to contain two zones: a
core region and a boundary layer region. The core is assumed adiabatic while the boundary layer
region is not. Any temperature change in the core region is modeled as adiabatic and revserisible
compression or expansion of the core volume. This method was verified both experimentally and
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computationally in past studies [29–31, 36–38]. If this approximation is used, the temperature at
the end of compression can be calculated using the following relation:

( )

∫

,

Equation 4

where PC is the measured pressure at the end of compression and TC is the temperature at the end
of compression.
Because the specific heat ratio is a function of temperature, Equation 4 cannot be
integrated directly. To solve for TC, the CHEMKIN-Pro [39] software package is used to perform
numerical integration to find TC. The CHEMKIN-Pro software allows users to create a
simulation for an adiabatic 0-D reactor, known in the software as a Closed Homogenous Batch
Reactor. One possible constraint on the system is a user defined pressure trace. In this study, a
simulated non-reactive pressure trace was created based on the representative reactive trial and
the corresponding non-reactive trial. Due to the slight difference in the specific heat ratios of O2
and N2, the reactive trial’s pressure trace is used for the simulated non-reactive pressure up until
the EOC. Then, the non-reactive trial’s pressure trace is used to supply the pressure as a function
of time after the EOC. Since there may be slight differences in the PC of the non-reactive trial
and reactive trial, the pressure trace for the non-reactive trial is slightly shifted to match the PC of
the reactive trial.
Once the simulated non-reactive pressure trace is created, an adiabatic and constant mass
0-D simulation is run in CHEMKIN-Pro to find the temperature and volume as a function of
time. The simulation is constrained with the simulated non-reactive pressure trace and given
initial conditions including mole fractions, temperature, and an initial volume. Because the
simulation is zero dimensional, an arbitrary volume of 1 cm3 is used for the initial volume. All
chemistry is suppressed for this simulation. The output of this simulation consists of the
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computed temperature and volume as a function of time. The temperature trace is processed to
find the temperature at the EOC, Tc, while the volume trace and initial conditions of the reaction
chamber are used as inputs in CHEMKIN-Pro for separate simulations. In these simulations, the
reactions are enabled and the simulated ignition delay is computed based on the definition of
ignition delay presented in Chapter 2.
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CHAPTER 4
4.1

Results and Discussion

Data Analysis
Raw pressure trace files are recorded in LabVIEW in conjunction with the NI cDAQ-

9178 data acquisition unit. The NI 9215 card is used in the data acquisition unit to collect data at
50,000 samples per second. Due to high-frequency noise, these pressure traces are smoothed
with a moving average smoothing function using MATLAB. Figure 10 and Figure 11
respectively display a raw pressure trace recorded by LabVIEW and the corresponding smoothed
pressure trace. The time derivative of the pressure is then calculated from the smoothed pressure
trace using the first order backward difference as follows:

(
where

)

Equation 5

is the derivative of pressure with respect to time in units of bar/ms, 50 represents the

sample rate used in this study in units of kHz, and Pi and Pi-1 are the pressures at two adjacent
instances in time.
Raw Pressure Trace
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Figure 10: Raw Pressure Trace
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Smoothed Pressure Trace
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Figure 11: Smoothed Pressure Trace
4.2

Experimental Results
The experimental ignition delay times for methyl pentanoate are shown in Figure 13,

Figure 14, and Figure 15. Figure 13 and Figure 14 show the current experimental data set
obtained for methyl pentanoate in “air” consisting of an O 2 : Ar molar ratio of 1 : 3.76 for
compressed pressures of 15 bar and 30 bar respectively. Figure 15 shows experimental data for
methyl pentanoate in “air” consisting of an O2 : N2: Ar molar ratio of 1 : 1.88 : 1.88 for a
compressed pressure of 30 bar. Figure 13 and Figure 14 indicate the ignition delays have an
Arrhenius dependence with respect to temperature for the conditions tested. Ignition delays are
faster with increasing equivalence ratio up to the stoichiometric conditions tested. Figure 16
displays that heat release for the mixtures containing O 2 : Ar = 1 : 3.76 occurs in one stage. No
first-stage heat release was detected for any of the conditions displayed in Figure 13 or Figure
14.
Figure 15 displays negative temperature coefficient (NTC) behavior between the
temperatures of 799 K and 716 K. In addition, two-stage ignition was detected between 757 K
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and 701 K. Pressure traces of trials exhibiting two-stage ignition along with trials at lower
compressed temperatures than two-stage ignition was detected are displayed in Figure 17. Prior
work done by HadjAli et al. [23] noticed autoignition of methyl pentanoate under stoichiometric
conditions occurring in two stages at 670 K and 11.4 bar. The trend of NTC behavior shifting to
higher temperatures with increasing pressure can be seen in other classes of fuels. Kukkadapu et
al. [40] found a similar trend in gasoline composed of iso-alkanes, n-alkanes, cyclo-alkanes,
aromatics, and olefins. Kukkadapu et al. attributed the NTC shift to the reactions between the
hydroperoxyalkyl radical (QOOH) and O2 becoming more dominant than the unimolecular
decomposition of QOOH at higher pressures. Similar trends could occur for the hydroperoxy
radicals of methyl pentanoate.
The NTC behavior of methyl pentanoate was compared to the NTC behavior of n-alkanes
and alcohols of the same size. n-Pentane and 1-pentanol were chosen for this comparison. Figure
12 displays the molecular structure of methyl pentanoate and the two fuels used for the
comparison. Methyl pentanoate and 1-pentanol both contain alkyl structures 5 carbon atoms
long. Methyl pentanoate has a methyl ester functional group attached to the end of the alkyl
chain while 1-pentanol has an alcohol functional group attached to the end of the alkyl chain. nPentane is simply an alkane 5 carbon atoms long. n-Pentane and methyl pentanoate both have the
same fuel mole percentage for stoichiometric conditions in air (2.56%) while 1-pentanol has a
fuel mole concentration of 2.72% for stoichiometric conditions. Ribaucour et al. [41] studied npentane in a rapid compression machine under stoichiometric conditions with compressed
pressures between 6.8 and 9.2 bar. NTC behavior was noticed between 760 K and 860 K. Bugler
et al. [42] obtained autoignition data for n-pentane in a rapid compression machine at PC = 10
atm under stoichiometric conditions. NTC behavior was noticed between 770 K and 910 K. At
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PC = 30 bar the NTC window for n-pentane should reach higher temperatures [40]. Since the
NTC window for methyl pentanoate at PC = 30 bar was found to be between 716 K and 799 K,
the methyl ester functional group seems to bring NTC behavior to lower temperatures when
compared to alkanes. Heufer et al. [43] studied 1-pentanol and 1-hexanol in a shock tube and a
rapid compression machine. NTC behavior for 1-pentanol was found to be in the 770 K to 900 K
range under stoichiometric conditions at 30 bar in a shock tube. This NTC region for 1-pentanol
is also at a higher temperature than the NTC region found for methyl pentanoate in this study
(716 K to 799 K).

Figure 12: Molecular Structures of n-Pentane, 1-Pentanol, and Methyl Pentanoate
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Figure 13: Ignition Delay for Methyl Pentanoate at 15 bar, O2 : Ar = 1 : 3.76
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Figure 14: Ignition Delay for Methyl Pentanoate at 30 bar, O2 : Ar = 1 : 3.76
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Figure 15: Ignition Delay for Methyl Pentanoate at 30 bar, O2 : N2 : Ar = 1 : 1.88 : 1.88
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Figure 16: Pressure Traces for Methyl Pentanoate with Single-Stage Autoignition
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Figure 17: Pressure Traces for Methyl Pentanoate with Two-Stage Autoignition
To determine the influence of temperature, pressure, and fuel mole fraction on ignition
delay times, a correlation was made. This correlation was only computed for the data with “air”
as O2 : Ar = 1 : 3.76. The “nlinfit” function in MATLAB was used to perform the required nonlinear regression. The resulting correlation was calculated to be:

(
In the correlation above

)

Equation 6

is the ignition delay in milliseconds, XFuel is the mole fraction of fuel in

the mixture, PC is the compressed pressure at the EOC in bar, and TC is the compressed
temperature at end of compression in Kelvin. This correlation corresponds to a temperature range
TC = 830 K – 1048 K, compressed pressure range of PC = 15 bar – 30 bar, and equivalence ratio
range of φ = 0.25 – 1.0. Figure 18 plots the computed correlation against the experimental data.
The activation temperature is represented as Ta in K, a is the fuel exponent, n is the pressure
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exponent, and A is a constant. The x-axis is 1000/TC while the y-axis is the normalized ignition
delay in the form

[(

) (
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) .

Ignition Delay Correlation for O2 : Ar = 1 : 3.76
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Figure 18: Ignition Delay Correlation
4.3

Comparison to Other Esters
Ignition delays for the autoignition of methyl pentanoate were compared to ignition delay

data for methyl butanoate [44] and methyl propanoate [45] to gain an understanding of the
impact of the size of the alkyl chain on reactivity. Figure 19 displays data for PC = 30 bar, φ =
0.25, in “air” consisting of O2 : Ar = 1 : 3.76. Figure 20 displays data for PC = 30 bar, φ = 0.50,
in “air” consisting of O2 : Ar = 1 : 3.76. For the conditions tested, methyl propanoate is the least
reactive followed by methyl butanoate and methyl pentanoate. Exponential curve fits for
experimental data are displayed as dotted lines. Under both φ = 0.25 and φ = 0.50 the curve fits
of methyl butanoate and methyl pentanoate intersect at 1030 K and 975 K respectively.
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1.2

4.4

Mechanism Analysis
Experimental results were compared to reactive simulations in CHEMKIN using the

mechanism of Diévart et al. [27]. Reactive RCM simulations were conducted in which the
volume traces of the non-reactive trials were used to take heat loss into account. Figure 21 and
Figure 22 display the results of reactive simulations and corresponding experimental data under a
PC = 15 bar and PC = 30 bar, respectively. Both figures display data collected with an oxidizer of
O2 : Ar = 1 : 3.76. In Figure 21 and Figure 22, the experimental data and reactive RCM
simulations both show single-stage ignition. Figure 23 displays experimental data with a
corresponding reactive RCM simulation and constant volume simulation for a compressed
pressure of 30 bar and an oxidizer of O2 : N2 : Ar = 1 : 1.88 : 1.88. Unlike the reactive RCM
simulation where heat loss was taken into account through an effective volume trace, the
constant volume simulation uses an adiabatic and fixed volume reactor with initial conditions
corresponding to the experimental conditions at the EOC. As seen in Figure 23, the constant
volume simulation predicted a slightly longer ignition delay than the reactive RCM simulation
for the case highlighted. However, the difference in ignition delay between the two simulations
only amounted to approximately a millisecond, or ~10% of the total ignition delay. This
difference in ignition delay can be attributed to the modeling of the heat loss and the impact of
the compression stroke. The heat loss in the reactive RCM simulation causes the ignition delay to
lengthen when compared to the constant volume simulation. However, absence of a compression
stroke and the associated radical buildup causes the constant volume simulation to have a longer
ignition delay than the reactive RCM simulation. In this case, the impact of the compression
stroke is larger than the impact of the heat loss causing the constant volume simulation to have a
longer ignition delay than reactive RCM simulation. Figure 24 displays a close-up of the first-
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stage ignition for the reactive RCM simulation in Figure 23. The pressure rise due to first-stage
ignition for the reactive RCM simulation is about 15 bar while the pressure rise due to first-stage
ignition for the experimental data is about 5 bar. Mass transfer of gases from the core region to
the crevice plays a minor role in reducing experimental first-stage ignition pressure rise, which
0-D simulations cannot take into account [29]. However, due to the large discrepancy between
the experimental and simulated first-stage pressure rise this difference is more likely due to the
chemistry in the mechanism.
Under all conditions for “air” consisting of O2 : Ar = 1 : 3.76 the reactive RCM
simulations were faster than experimental data. For all reactive RCM simulations of PC = 30 bar
in “air” consisting of O2 : Ar = 1 : 3.76 ignition occurred during the compression stroke. For this
reason, constant volume simulations were carried out for all experimental conditions tested.
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Figure 21: Experimental and Simulated Pressure Traces, PC = 15 bar, O2 : Ar = 1 : 3.76
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Figure 23: Experimental and Simulated Pressure Traces, PC = 30 bar, O2 : N2 : Ar = 1 : 1.88 :
1.88
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Figure 24: Experimental and Simulated Pressure Traces, PC = 30 bar, O2 : N2 : Ar = 1 : 1.88 :
1.88
Figure 25 and Figure 26 display experimental data compared to constant volume
simulations using the mechanism of Diévart et al. [27]. All experimental data in Figure 25
exhibits Arrhenius-like temperature dependence. However, simulations show NTC behavior
below 895 K for φ = 0.50 and below 900 K for φ = 1.00. Simulations also predicted two-stage
ignition below 880 K for φ = 1.00. All constant volume simulation results are faster than
experimental data for compressed pressures of 15 bar. Figure 26 compares experimental data
from PC = 30 bar, φ = 1.00 in an oxidizer consisting of O2 : N2 : Ar = 1 : 1.88 : 1.88 with
constant volume simulations. For these conditions, experimental data shows NTC behavior
between 716 K to 799 K and two-stage ignition between 701 K and 757 K. Simulations predict
NTC behavior between 840 K and 915 K and two-stage ignition between 730 K and 905 K.
Simulated total ignition delay values are faster than experimental data above 700 K. Simulated
40

and experimental ignition delays seem to converge for the 682 K to 700 K range. As stated
before, in the constant volume simulation, heat loss and the radical buildup in the compression
stroke are not taken into account. This can change predicted ignition delays when compared to
reactive RCM simulations. However, this discrepancy in ignition delay is much less than the
disagreement seen between the constant volume and experimental data. In addition, for all
reactive RCM simulations above 700 K, the reactive RCM simulation either predicted ignition
during the compression stroke or a shorter ignition delay than the corresponding experimental
data.
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Figure 26: Constant Volume Simulations for PC = 30 bar, O2 : N2 : Ar = 1 : 1.88 : 1.88
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CHAPTER 5
5.1

Conclusions and Future Work

Conclusions
In this study, autoignition data was collected in a rapid compression machine at engine

relevant conditions. Experimental data spanned compressed temperatures of 682 K to 1048 K
and compressed pressures of 15 bar and 30 bar. Higher compressed pressures exhibited shorter
ignition delays than lower compressed pressures.
Both the composition of “air” and the equivalence ratio of the mixture were altered.
Varying equivalence ratio (φ =0.25, 0.50, and 1.00) has revealed an increase in reactivity with
increasing equivalence ratio up to stoichiometric conditions.
For temperatures above 800 K, ignition delays seemed to follow an Arrhenius
temperature dependence. For this range, increasing temperature resulted in shorter ignition
delays. However, for PC = 30 bar, φ = 1.00 in “air” consisting of O2 : N2 : Ar = 1 : 1.88 : 1.88,
NTC behavior and two-stage ignition were found. This behavior is exhibited in biodiesel fuel
and is a requirement for a suitable biodiesel surrogate [18].
Autoignition data for methyl pentanoate was compared to experimental data for methyl
butanoate and methyl propanoate collected by Kumar and co-workers [44, 45]. Over the range of
data collected, methyl pentanoate was the most reactive followed by methyl butanoate and
methyl propanoate. However, for equivalence ratios of φ = 0.25 and φ = 0.50 the curve fits for
methyl butanoate experimental data and methyl pentanoate experimental data intersect at 1030 K
and 975 K respectively.
Simulated ignition delays using the mechanism of Diévart et al. [27] were compared to
experimental ignition delays. Above 700 K, simulated ignition delays were shorter than
experimental ignition delays. In some cases experimental ignition delays were an order of
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magnitude greater than simulated ignition delays. Simulated NTC behavior occurred at higher
temperatures than experimental NTC behavior. Between 700 K and 682 K for PC = 30 bar, φ =
1.00 in “air” consisting of O2 : N2 : Ar = 1 : 1.88 : 1.88 simulated ignition delays and
experimental ignition delays agreed fairly well.
5.2

Future Work
Methyl pentanoate may serve as an effective biodiesel surrogate due to its methyl ester

functional group and NTC behavior. However, the mechanism from Diévart et al. [27] poorly
replicates experimental data above 700 K. Although the simulations seem to agree well with
experimental data in the 682 K to 700 K range, more low temperature autoignition data should
be collected to determine the effectiveness of the mechanism of Diévart et al. [27] at low
temperatures. Other mechanisms exist but only contain high temperature chemistry for methyl
pentanoate oxidation [24, 25]. More experimental data and mechanism refinement through
chemical kinetic analysis is needed to effectively study methyl pentanoate as a biodiesel
surrogate.
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